Optoelectronic, structural, and mechanical properties of hydrogenated amorphous germanium carbon (a-Ge 1Ϫx C x :H) alloys are presented. The films were prepared by the rf cosputtering technique using graphite-germanium composite targets. Films with carbon contents in the 0Ͻx Ͻ1 range were prepared under the same conditions used to obtain a-Ge:H films with good optoelectronic properties. The trends of the optical gap, infrared absorption, dark conductivity, and mechanical stress as a function of the carbon content suggest that the properties of films with low carbon concentration are mainly controlled by the incorporation of sp 3 hybridized carbon. These films have good optoelectronic and structural properties. As the carbon content increases, the properties of the films are determined by the concentration of sp 2 carbon sites.
I. INTRODUCTION
Hydrogenated amorphous silicon and carbon thin films are some of the most important and extensively studied amorphous materials. The alloys based on silicon and carbon, such as SiGe and SiC, have also received a great deal of interest. On the other hand, few works have addressed the alloys based on germanium, mainly due to the poor electronic quality of amorphous hydrogenated germanium. However, recently, some laboratories have reported improvements in the electronic and structural properties of intrinsic and doped a-Ge:H thin films. [1] [2] [3] These improvements motivated the study of a-Si 1Ϫx Ge x :H, 4 a-Ge 1Ϫx Sn x :H, 5, 6 and a-Ge 1Ϫx N x :H 7,8 alloys using the deposition condition in which good quality a-Ge:H was obtained. The same study have not yet been performed on a-Ge 1Ϫx C x :H alloys. However, some optical, electrical, and structural properties have already been reported for films prepared, under different conditions, by chemical vapor deposition, 9 ,10 activated reactive evaporation ͑ARE͒, 11, 12 laser ablation, 13 glow discharge, [14] [15] [16] [17] [18] magnetron, and rf sputtering. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] Recently, Drusedau and co-workers 29 have shown the most extensive studies on a-Ge 1Ϫx C x :H alloys. Films of (SiC) x Ge 1Ϫx :H 33 and superlattices of a-SiC:H/a-GeC:H 34 have also been studied. The carbon atoms have the ability to enter the network with different hybridizations, 35 the sp 3 and sp 2 being the most common. It is well known that the bonds have represented a strong limitation for the improvement of a-C:H and a-SiC:H films. So, a study of the influences of carbon on the properties of the germanium network can also help us to get a better comprehension of the physical properties of the carbon atoms in amorphous materials.
This article presents a study of the carbon influences in the structural, electrical, and mechanical properties of a-Ge 1Ϫx C x :H films prepared by rf sputtering using the deposition condition in which good electronic quality germanium was obtained. Several properties are analyzed, such as deposition rate, optical gap, refractive index, infrared absorption, mechanical stress, conductivity, and hydrogen concentration for a series of films with carbon content varying from 0 to 100 at. %.
II. EXPERIMENT
The a-Ge 1Ϫx C x :H films were prepared by reactive rf cosputtering germanium ͑99.9995%͒-graphite ͑99.995%͒ composed targets, in an Ar ͑99.997%͒ plus H 2 ͑99.9995%͒ atmosphere. Targets composed of a 3 in diameter crystalline germanium ͑or graphite͒ wafer covered by small pieces of graphite ͑or germanium͒ were used for the preparation of low ͑or high͒ carbon content alloys. By this method it was possible to vary the carbon content from 0 to 100 at. %. The system was pumped down to 1ϫ10
Ϫ6 mbar prior to the film depositions. The substrate temperature and bias were kept at 230°C and 640 V, respectively. All the films were prepared under the same hydrogen (1.5ϫ10
Ϫ3 mbar) and argon (1.3 ϫ10 Ϫ2 mbar) partial pressure conditions. These are the deposition conditions used in the preparation of a-Ge:H films with good optoelectronic qualities in our laboratory, 1, 2 i.e., low density of dangling bonds (ϳ5ϫ10 16 cm
Ϫ3
), small Urbach energy (Ͻ60 meV), high resistivity (Ͼ10 5 ⍀ cm͒, and high activation energy (ϳ0.5 eV).
The morphology of the films was examined by x-ray diffraction. No evidence of any crystalline phase has been observed in the x-ray diffraction spectra of the a-Ge 1Ϫx C x :H samples in the entire carbon concentration range. A Fourier-transform spectrometer Perkin-Elmer FTIR-1600 was used to obtain the IR spectra for films deposited on c-Si substrates, in the 400-4000 cm Ϫ1 wave-number range. The optical parameters were determined for sample deposited onto Corning 7059 glass substrates. The UV-visible spectra were obtained by a Lambda-9 spectrometer. The absorption coefficient, index of refraction, and thickness were determined from the transmission spectra alone, using the well-known procedure described by Swanepoel. 36 Since this method does not consider the reflection data, it gives approximated values for the absorption coefficient. The thicknesses, also measured by a Dektak Sloan profilometer, ranged from 0.1 to 1.2 m. The subgap absorption was measured in the 0.46-1.33 eV photon energy range by photothermal deflection spectroscopy ͑PDS͒. The absolute scale of the PDS spectra was determined by matching them with the absorption curves as deduced from the optical transmission measurements.
Rutherford backscattering ͑RBS͒ ͑2.0 MeV He ϩ ͒ was used for measuring the carbon, germanium, and argon relative concentration. The backscattered particles were detected at an angle of 165°with respect to the incident beam direction. The errors on the carbon, germanium, and argon concentrations are estimated to be of the order of 8%.
The total hydrogen contents were measured using elastic recoil detection analysis ͑ERDA͒, with a probe beam of 2.2 MeV He ϩ incident on the sample at an angle of 75°with respect to the surface normal. The detection of recoiled protons was performed at an angle of 30°. A 10 m Mylar foil covered the detector to prevent the detection of the scattered alpha particles. Absolute measurements of hydrogen were taken and the hydrogen concentration was obtained using recent values of the forward scattering cross section, 37 which are able to reproduce the hydrogen concentration profiles in a 30 keV, 2ϫ10 16 ͒, previously measured using the 15 N͑H,␥␣͒ 12 C reaction. A careful control of the hydrogen loss induced by the beam during the analysis was mandatory. The experimental error is of the order of 11%. The hydrogen contents bonded to carbon or germanium were estimated using the integrated infrared absorption coefficient of the carbon-hydrogen stretching (2600-3000 cm
Ϫ1
) and germanium-hydrogen wagging modes (560 cm
). The optical band gap was determined using two methods: ͑1͒ as the energy corresponding to absorption coefficient equivalent to 10 4 cm
, which is denominated as E 04 , and ͑2͒ the so-called Tauc's gap obtained according Tauc's relationship:
where ␣ is the absorption coefficient, B is a Tauc's constant and E Tauc is the optical band gap. The dark conductivity was measured on samples deposited onto glass substrates with sputtered coplanar Cr ohmic electrodes and a 100 V applied voltage. The measurements were performed in an oil-free evacuated chamber in the 150-450 K temperature range, using a Keithley model 617 digital electrometer at a fixed temperature variation rate of 3 K/min. The samples were annealed for a few minutes at 450 K to desorb possible surface contaminants before data acquisition runs. No differences were observed between the conductivity versus inverse temperature plots of the samples taken during heating ͑from 150 to 450 K͒ and cooling ͑from 450 to 150 K͒.
Stress measurements were taken from films deposited onto 3ϫ25ϫ0.4 mm 3 -(111)-Si bars using a Dektak profilometer to determine the radius of curvature of the filmsubstrate composite. The stress was then calculated by the Stoney equation:
where E, , and t are the Young's modulus, Poisson's ratio, and thickness of the substrate, R and d are the radius of curvature and the thickness of the film, respectively. Figure 1 shows a typical RBS spectra of a-GeC:H films where the features associated with germanium, carbon, and the silicon substrate are observed. Some small amount of argon is also present in the films, since they were prepared in argon atmosphere. The relative carbon concentration of the films reported in this article were obtained using x ϭ͓C͔/͓͑Ge͔ϩ͓C͔͒, without taking into account the argon and hydrogen concentrations. The up triangles, displayed on some of the figures in this paper, represent data for which the carbon content values were not measured by RBS, but estimated using the relative C-Ge sputtered areas.
III. RESULTS

A. Composition and deposition rate of the films
The hydrogen concentration increases from 8 to about 25 at. % in the 0ϽxϽ0.2 range, Fig. 2 . Nevertheless, in samples with carbon contents xϾ0.2, it is observed that the hydrogen content remains basically constant, except for the unalloyed a-C:H film (xϭ1), which has about 13 at. % hydrogen. The deposition rate of the a-Ge 1Ϫx C x :H films as a function of the carbon content is greatly reduced as the carbon concentration increased, Fig. 3 , since the sputtering yield of carbon is much smaller than that of germanium. The deposition rate of the nonalloyed a-C:H film is about two order of magnitude smaller than that of the a-Ge:H films. Different from what was expected, the carbon to germanium effective sputtering yield ratio ͑obtained using the composition of the films͒, was about six time smaller than the expected value, which is around 0.1. 40 The difference may be related to the presence of hydrogen in the sputtering atmosphere.
B. Optical properties
The extremely low deposition rate of films with high carbon contents limited the measurements of the optical properties for films with xϾ0.4. Those films are thinner than 0.4 m, not allowing a proper calculation of the optical constant by the Swanepoel method. 36 So, although samples in the 0 to 100 at. % carbon content range were prepared, the optical properties of the a-Ge 1Ϫx C x :H samples are shown only in the xр0.4 range. Figure 4 shows that E 04 and E Tauc increase only in the 0ϽxϽ0.2 range, being basically constant for xϾ0.2. Both parameters used to represent the optical band gap follow the same trend. In addition, E 04 is higher than E Tauc , a fact also observed for other amorphous thin films. The E 04 over E Tauc ratio is about 1.1, see the inset in Fig. 4 . Linear relations between these two parameters have also been observed in other amorphous materials.
The index of refraction was determined by the Swanepoel method, and the static refractive index (n 0 ), Fig. 5 , was obtained through the procedure described by Wemple and DiDomenico. 41 It decreases in the 0ϽxϽ0.2 range, but it is almost constant for xϾ0.2.
Figures 6 and 7 display the Urbach energy, E u , and the Tauc's constant, B 1/2 , respectively, as a function of carbon content (x). The E u increases while the B 1/2 decreases as the carbon content varies from 0 to 20 at. %. This kind of behavior has been associated with an increase of the topological disorder in amorphous materials. Figure 8 shows the infrared absorption coefficient as a function of wave number for a-Ge 1Ϫx C x :H films with dif- ferent carbon contents (x). Again, the films with high carbon content were not measured due to their small thickness. The infrared spectrum of the a-Ge:H film is represented by curve ͑a͒, which shows three different absorption bands associated with the Ge-H wagging (560 cm
C. Structural properties
Ϫ1
) and stretching ͑1860 and 1970 cm Ϫ1 ͒ vibrations. The curves ͑b͒ to ͑e͒ were taken from a-Ge 1Ϫx C x :H samples with carbon content varying from 2 to 26 at. %. Additional absorption bands appear in the 600-1600 cm Ϫ1 and in the 2800-3000 cm Ϫ1 ranges. Their intensity increases as the carbon content increases.
The stress of the a-Ge 1Ϫx C x :H films depends on the carbon concentration, as can be observed in Fig. 9 . These values were determined by the curvature of the film/substrate system using relation ͑2͒. Positive values represent compressive stress. As the carbon concentration increases, Fig. 9 , the stress decreases and becomes tensile for alloys with carbon content in the 20-60 at. % range. For higher carbon concentration, the stress becomes compressive again.
D. Electronic properties
The study of the electronic properties is decisive to determine the quality of the films and their possible application as electronic material. In this sense, the dark conductivity ͑͒ and the activation energy are two important parameters. 
IV. DISCUSSION
A. Infrared vibrational modes
The interpretation of some of the infrared absorption bands positioned in the 450-1000 cm Ϫ1 range is not well established yet. That is true even in the case of the a-Si 1Ϫx C x :H alloys, which have received much attention. In this work, the assignments of these peaks are based on infrared measurements also performed in unhydrogenated and deuterated films ͑whose spectra are not presented in Fig. 8͒ , and using previous results reported for a-Si 1Ϫx C x :H and a-Ge 1Ϫx C x :H alloys. 26, 29 The most intense peak (560 cm Ϫ1 ) is related to the Ge-H wagging mode as can be inferred by checking the curve of a-Ge:H (xϭ0). As the carbon concentration increases, the peak gets more asymmetric due to an absorption, positioned around 620 cm
Ϫ1
, associated with the Ge-C vibration, as revealed using the spectrum of a nonhydrogenated film. The well-defined peak at 755 cm Ϫ1 has been attributed to the Ge-CH 3 wagging mode. 26, 29 However, the same vibration mode obtained from a deuterated sample was shifted to 580 cm
, a value well below the expected position of the Ge-CD 3 vibration mode, which should appear around 710 cm
. We conclude that the 775 cm Ϫ1 peak is not related to the Ge-CH 3 wagging mode, but to some C-H n vibration mode. Some peaks, located in the 900-1600 cm Ϫ1 range ͑too small for a more reliable analysis͒, have been assigned to C-H n wagging, scissors, and rocking modes in a-C:H alloys. The absorption band in the 1800-2100 cm Ϫ1 range, appearing in curves ͑a͒ to ͑e͒, has been attributed to the Ge-H stretching mode. 42 In fact, this band is composed of two absorption bands, one located around 1870 cm Ϫ1 and the other around 1970 cm
. The peak positioned at 1870 cm
has been associated with the stretching mode of Ge bonded to hydrogen in the dense regions of a-Ge:H films. The peak around 1970 cm Ϫ1 has been assigned to the Ge-H 2 and/or
Ge-H stretching vibrations of hydrogen bonded on the surface of internal microvoids. It is likely that the peak at 1970 cm Ϫ1 ͑Fig. 4͒ is associated with the vibration of hydrogen bonded to the surface of internal voids, since the Ge-H n bending modes ͓which should appear at 755 and at 820 cm Ϫ1 ͑Ref. 42͔͒ are not observed in curves ͑a͒ to ͑e͒. The ratio between the area of the peak at 1970 cm Ϫ1 over that of the peak at 1870 cm Ϫ1 has been used as a qualitative measure of the a-Ge:H film structure. Usually, good a-Ge:H films have ratios much smaller than 1. 43 Figure 4 shows that as the carbon concentration increases the peak at 1970 cm Ϫ1 becomes more intense, indicating that the structure of the films is being deteriorated. The absorption bands in the 2600-3300 cm Ϫ1 range have been attributed to the C-H n (nϭ1,2,3) stretching modes in a-C:H films. 44 The bands appearing at wavenumber smaller than 3000 cm Ϫ1 have been assigned to carbon bonded to hydrogen with sp 3 hybridization, while those with higher wavenumber have been attributed to sp 2 hybridization. These bands have also been observed in a-Si 1Ϫx C x :H alloys. 45 As can be seen in curves ͑b͒ to ͑e͒ of Fig. 4 , most of the C-H n stretching absorption bands are located at wave numbers smaller than 3000 cm
, which are mainly associated with sp 3 C-H bonds. However, some sp 2 carbon hybrids also seem to be present, though in small quantities. They may be responsible for the relatively small band gap of the films with carbon concentration higher than 20 at. %.
B. Opto-structural properties
The widening of the optical gap as the carbon content varies from 0 to 20 at. %, Fig. 4 , must be related to an increase in the C-Ge bond concentration, as evidenced by the infrared absorption. Even though the hydrogen concentration increases substantially in this range, it is mainly bonded to carbon, since the concentration of hydrogen bonded to germanium is basically constant ͑in the 7-12 at. % range͒. This small range variation of hydrogen concentration cannot account for the widening of the optical gap displayed in Fig. 4 .
For carbon concentration higher than 20 at. %, the optical gap is almost constant. It seems that the concentration of sp 2 hybridized carbon is the reason for that. We have not measured the sp 3 /sp 2 ratio ͑usually determined by electron energy-loss spectra ͑EELS͒ and nuclear magnetic resonance ͑NMR͒ to investigate this behavior more deeply. However, it is well know that bonds contribute to closing the optical gap of a-C:H, and a-Si 1Ϫx C x :H films. It has been found that in hard carbon films the optical gap is related to the sp 3 /sp 2 concentration ratio. 46 Summarizing, in the 0ϽxϽ0.2 carbon content range, the widening of the optical band gap can be explained mainly by the incorporation of sp 3 carbon bonded to germanium and hydrogen. For carbon concentration higher than 20 at. %, the amount of bonds increase, hindering the widening of the optical gap.
C. Electronic properties
The quasi-two order of magnitude reduction in the dark conductivity in the 0ϽxϽ0.2 range ͑Fig. 10͒ can also be explained by the incorporation of sp 3 C-Ge bonds. For carbon concentration higher than 20 at. %, the dark conductivity stops decreasing, which is probably due to the increasing incorporation of carbon in the sp 2 configuration, consistent with the trend of the optical gap as a function of carbon content. It is also known that the sp 2 carbon sites also increase the conductivity of a-C:H films. 47 The range of activated regime of the vs 1/T curves reduces as the carbon content increases, Fig. 10 . This behavior may be related to an increase in the density of defects, as suggested by the PDS data, Fig. 6 . The activation energy of many of our samples is close to half of the Tauc's band gap ͑see Fig. 12͒ , indicating that these films have good electronic properties. Most of our samples have activation energies higher than those reported in Refs. 29 and 30 for the same Tauc's band gap. The main difference is that our films were prepared under conditions whose activation energy of unalloyed a-Ge:H films (ϳ0.5 eV) is higher than those reported in above-mentioned references (ϳ0.35 eV). For that reason, our alloys tend to have higher activation energy, which is an indication that they have better optoelectronic and structural properties.
D. Mechanical properties
The origin of the intrinsic mechanical stress in amorphous semiconductors is not clear yet. However, films with compressive stress usually have good structural propertiesthey are compact and stable. For instance, high quality amorphous silicon and germanium are compressive.
3, 48 On the other hand, films with tensile stress are usually porous, have columnar structure, and are usually contaminated when exposed to the atmosphere. 49 The films with low carbon concentration are compressive ͑see Fig. 9͒ , which is another indication of the good structural properties of these films. The initial reduction of the compressive stress as the carbon content increases can be related to: ͑a͒ the incorporation of C-C and C-Ge bonds, having bond length smaller than that of the Ge-Ge one, and ͑b͒ an increase in the number of defects, as suggested by the widening of the Urbach tail, see Fig. 6 .
The relatively low compressive stress of the films with high carbon content suggests that the films have graphiteand/or polymeric-like contribution in their structure. As has been reported, diamond-like a-C:H films are highly compressive ͑higher than 20 kbar͒, and a-C:H with low compressive stress are polymeric-or graphite-like. 50 The hydrogen concentration can give information concerning the structure of the films. As it is well known, polymeric films are highly hydrogenated (Ͼ30 at. %). However, all films reported in this work have hydrogen concentration lower than 30 at. % ͑see Fig. 2͒ . Then, it seems that the amount of sp 2 hybridized carbon is relatively high in films with high carbon content, which is characteristic of graphite-like films. A study of the hydrogen effect on the structural properties of the alloys, using infrared, x-ray photoelectron, and thermal desorption spectroscopies, is currently under way.
V. CONCLUSIONS
Amorphous hydrogenated germanium carbon, a-Ge 1Ϫx C x :H, alloys, with carbon concentration varying in the 0-100 at. % range, were prepared by the rf cosputtering technique using the same deposition conditions as those used to prepare high quality a-Ge:H films. The optical ͑band gap, index of refraction, and Urbach energy͒, structural ͑infrared absorption modes͒, electronic ͑dark conductivity and activation energy͒, and mechanical ͑stress͒ properties have been studied. Films with carbon concentration up to 20 at. % have good optoelectronic and structural properties. In this range, the carbon atoms seem to enter the germanium network mainly in the sp 3 configuration. For films with higher carbon contents, the trends of the optical, electronic, and mechanical properties as a function of carbon content, were associated with an increasing incorporation of sp 2 hybridized carbon.
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